Abstract. Doping control on carbon nanotubes (CNTs) is a crucial step for implementation in future nanodevices. Chemical doping of CNTs is typically done via functionalization. Controlling the dopant types and position on the CNT-based thin film transistors (TFTs) and their stability has been a considerable challenge. Here, we report a CNT doping strategy utilizing ionic adsorbates controlled via gate and drain bias. Dopant type was controlled by the polarity of the gate bias, and positioning of the adsorbates was expedited by applying drain and gate bias. This enabled us to control n-or p-type doping that leads to drain-to-source or source-to-drain direction of Schottky diodes. The combined adsorbate-associated biasing method also allowed a selective dissociation 6 Authors to whom any correspondence should be addressed. of metallic channels to improve TFT on/off performance. Our approach demonstrates a practical means of fabricating CNT-based random network TFTs with deliberate doping and high stability under ambient conditions.
Introduction
As the semiconductor industry is reaching the limits on the road map of innovation, demand for new materials for high performance and ultra-large scale integration has increased. Singlewalled carbon nanotubes (SWCNTs) have proved to be an excellent alternative for improved devices as seen by transconductance and carrier mobility, both of which exceed those of conventional silicon devices [1] - [6] . Nevertheless, CNT technology still faces some challenges. One serious issue is to devise individual CNT assemblies to achieve their large-scale integration. The methods used for the alignment of CNTs and the use of electron beam lithography for patterning are not easily amenable to current technologies. A practical solution to avoid the alignment of CNTs is to use random network thin film transistors (TFTs), which are fabricated using dispersion techniques [7] , in situ growth of CNTs by chemical vapor deposition [8, 9] , and the self-assembly of CNTs [10] - [13] . Although some previous papers have demonstrated adequate on/off ratios with reasonable mobility, the search for a reliable method for dissociation of metallic CNTs and controlled doping still remains a significant challenge.
In contrast to monolithic processes, the doping of CNTs by replacement of carbon atoms with foreign atoms such as nitrogen or boron has been rare due to their large formation energy. For this reason, doping in CNTs has usually been realized by a functionalization technique that does not require large formation energy. This has been easily implemented in many different ways. For instance, the p-doping of CNTs has been realized by a droplet of dopant [14] . Desorption of the adsorbates in a vacuum chamber eliminates the doping effect and can produce CNT devices with ambipolar characteristics [15] . Alkali metal functionalization has been utilized for n-type doping [16] . However, controlling the dopant type and the dopant positioning by bias has never been realized. (e) While applying gate bias with grounded source and drain electrodes, the prepared NHFA solution is dropped and allowed to flow on a random network CNT-TFT device. While maintaining the gate bias, the device was tilted so that the excess solution flowed away to remove unnecessary ionic residues. (f) For applied gate and drain biases, CNTs and electrodes are charged and therefore the charged ions are selectively adsorbed on the CNTs. (g) After the completion of doping, methanol is evaporated completely and no further migration of ionic adsorbates is detected.
In this paper, we have investigated a consistent doping method that controls doping concentration, type and position with simple bias changes on the CNT device. Random network CNT-TFTs fabricated by a linker-free directed assembly are produced for this approach [17] , and the ionic adsorbate, nitrohexafluoroantimony (NHFA), is used as a chemical dopant. While dropping this dopant solution on the CNT device, a bias is applied to the gate and drain to control the dopant type and its positioning. In order to prove our concept, we have demonstrated several strategies for effectively removing metallic channels by adsorbates, controlling n or p dopant type, and precisely positioning dopants on the CNT device. It should be noted that the fabricated devices are stable in ambient conditions for several months. A protecting layer can also easily be incorporated to further extend the lifetime in ambient conditions to improve device stability and hence enhance the prospect for adoption by the current semiconductor industry.
Experiments

Preparation of CNT random network transistors
Si substrates covered with SiO 2 (thickness: 100 nm) were purchased from WaferMarket.com. Octadecyltrichlorosilane (OTS) molecules for self-assembly and solvents were purchased from Sigma-Aldrich. To pattern OTS on SiO 2 , the photoresist (AZ1512) was first patterned and baked for 10 min at 95.8
• C [17] . The patterned substrate was then thoroughly rinsed with anhydrous hexane to remove adsorbed water on the substrate, and immediately placed in the OTS solution (1 : 500 (v/v) in anhydrous hexane) for 100 s. The substrate was then thoroughly rinsed again in clean anhydrous hexane, and the photoresist was removed with acetone ( figure 1(a) ). Purified SWCNTs (Carbon Nanotechnologies) were dispersed in 1,2-dichlorobenzene with ultrasonic vibration for 20 min to prepare an SWCNT suspension. Two typical concentrations for SWCNT suspensions were 0.2 mg ml −1 for high CNT concentration and 0.2 mg ml −1 for low CNT concentration. For SWCNT assembly, the patterned surface was placed in the suspension, for ∼10 s, and rinsed thoroughly with 1,2-dichlorobenzene ( figure 1(b) ). The electrodes were then prepared by thermally depositing a 10 nm thick Ti layer followed by 100 nm Au under high-vacuum conditions (base pressure ∼5 × 10 −6 Torr) to complete the device fabrication ( figure 1(c) ). In each junction, two electrodes with a 4 µm gap were connected by 3 µm-wide SWCNT patterns. The doping procedure is provided in figure 1 (e)-(g).
Preparation of dopant solution
The NHFA powder purchased from Sigma-Aldrich was dissolved in methyl alcohol solution (99.8%, Aldrich Chemical Co) and sonicated for 1 h. Different concentrations of NHFA solution were prepared: 10 mM, 1 mM and 1 µM. This solution was dropped onto the device using a micropipette.
Measurements
I -V characteristics of the CNT-TFTs were measured with a back gate in ambient conditions by a source-measure unit (Keithley 236, 237) using a two-probe measurement. The devices were located on the PCB board and Au wires were bonded between the pad electrode of the CNT and the PCB board. Then, in situ selective attachment of adsorbates was performed by controlling gate bias. The wavelengths of resonant Raman spectroscopy (RM1000 microprobe; Renishaw) used were 514 nm (2.41 eV) and 633 nm (1.96 eV) for characterizing the SWCNTs. A Rayleigh line rejection filter with a spectral range of 70-3600 cm −1 for Stokes shift were utilized to characterize the SWCNTs. Scanning electron microscope (JSM-7401F; Jeol) images were taken in secondary electron image mode under a pressure of ∼4 × 10 −3 Torr. figure 2(b) ). In order to selectively position the ionic adsorbates within the TFT, a drain bias (source being ground) is applied, while maintaining either a negative or positive gate bias. In the case of a positive gate bias and a positive (negative in figure 2(e)) drain bias, accumulation of NO + 2 ions is much higher near the negatively charged source (drain in figure 2(e)) electrode than that of the SbF − 6 ions, which mostly flow away (figure 2(c)). Similarly, depending on drain polarity, the SbF 
Results and discussion
Bias-assisted doping
V g = +10 V, a drain bias (V d ) of (c) +1 V or (e) −1 V is applied. While applying V g = −10 V, (d) V d = +10 or (f) V d = −10 V.
Control of selective n-or p-type doping
In determining the type of ionic adsorbates, the gate bias was chosen to be positive (negative) to induce uniform adsorption of positively charged NO + 2 (negatively charged SbF [18] . The threshold voltage was shifted toward the positive direction with increasing doping concentration, indicated by an arrow ( figure 3(a) ). This is evidence of p-doping in the SWCNT channel, where the Fermi level is downshifted toward the valence band [19] . The Breit-Wigner-Fano (BWF) line at the lower energy side of the G-band in Raman spectroscopy was slightly reduced, once again indicating the charge depletion in the SWCNTs [18, 20] . In the case of SbF − 6 adsorption, the on-current was significantly reduced compared with the pristine sample ( figure 3(b) ). The threshold voltage was shifted toward the negative gate voltage, implying that the Fermi level was upshifted toward the conduction band by n-doping [21] . Thus, the on-current of the pristine p-type device was reduced by charge compensation with the n-dopant. The fact that the accumulation of electrons in the SWCNTs was donated by the negatively charged ions was supported by an increased BWF component in the G-band.
The current was reduced by one drop of NO + 2 ions when compared with the pristine sample ( figure 4(a) ). Removal of metallic CNTs by NO + 2 ions is the source of the current reduction (inset of figure 4(a)) [19] . The metallic peak near 267 cm −1 was significantly suppressed in RBMs after doping, whereas the semiconducting peak near 190 cm −1 was enhanced (right panel of figure 4(a) ). Another source of the decrease in current is the increase of the Schottky barrier height. Consider that the pristine sample showed a mobility of 12 to that of CVD-grown CNT-TFTs [8] . This value decreased to 0.8 cm 2 V −1 s −1 in the doped sample. This is ascribed to the increase in Schottky barrier height. As shown in figure 4(b) , the adsorbed NO + 2 dipole field is directed from the Au electrode towards the CNT [22, 23] and consequently increases the Schottky barrier height [24] - [26] ( figure 4(c) ). Further drops of NO + 2 did not change appreciably the on-current as demonstrated in figure 3(a) but changed the threshold voltage significantly. The first drop modified dominantly the Schottky barrier [25] and in the subsequent drops the Schottky barrier change was saturated (as evidenced by the saturated on-current) and instead the channel doping became dominant, inducing the Fermi level shift in the CNT and therefore threshold voltage.
Control of doping concentration and disintegration of metallic CNTs
In order to investigate the doping effect of NO + 2 ions, a gate bias of +10 V and a source-drain bias of +1 V were applied as illustrated schematically in figure 2(c). CNTs are likely to be p-doped due to the extraction of valence electrons to the positively charged NO + 2 ions [27] . In a p-type device with high density of CNTs, the source-drain current is typically dominated by metallic CNT channels and thus a significant current change is not expected to be observed with a change in gate bias. In utilizing 10 mM NHFA solution, the metallic nanotubes are expected to be highly degenerate even after only a single drop is deposited. At every drop of the NHFA solution, it was observed that the current was drastically dropped and then spiked immediately afterwards due to the vaporization of the methanol solution ( figure 5(a) ). The source-drain current increased with increasing NHFA droplets, which was attributed to the accumulation of NO + 2 ions on the surface of the CNTs.
In order to elucidate the dissociation of metallic channels, we chose a device with a high CNT concentration. In this case, after a drop of 1 mM NHFA solution (while maintaining a gate bias of +10 V with a grounded source and drain; figure 2(a) ), the current was measured as a function of gate bias. In the pristine sample, significant current variation was not observed with gate bias modulation, as explained above ( figure 5(b) ). In this sample, the radial breathing modes (RBMs) in Raman spectroscopy showed the presence of semiconducting tubes and a large fraction of metallic tubes. Hence, the current was dominated by the metallic channels. After doping the device with low concentration of 1 mM NHFA solution, the current showed a clear modulated on/off ratio of 10 3 . Furthermore, the current was significantly decreased after the treatment, indicating the removal of metallic conduction channels. The intensity of metallic peak near 195 cm −1 in Raman spectroscopy was also significantly reduced, whereas the intensity of the semiconducting peak near 256 cm −1 did not change appreciably. This indicates a selective disintegration of metallic channels [19, 28] . The remaining semiconducting channels dominated the conductance of the device. Our approach of disintegrating metallic tubes with ionic adsorbates should be distinguished from the conventional current-induced breaking method that requires high current (>100 µA) and large drain voltages (>100 V) to break the metallic channels [29] .
Control of the Schottky diode direction by positioning of dopant
We used the pristine sample with a minimal presence of metallic channels for controlling the position of adsorbates. Clear gate modulation was observed in the pristine sample, producing an on/off ratio of 10 5 and a small off-current of 10 −12 A. The symmetric forward and reverse currents were obtained in the pristine sample by changing the polarity of the drain bias (insets of figures 6(a) and (c)).
On the application of a positive drain bias while simultaneously applying positive gate bias, the NO + 2 ions were localized near the negatively charged source electrode repelled by a positive drain bias, as shown in figure 6(b) . The accumulation of adsorbates was examined by scanning electron microscopy as shown in figure 7 . In this case, the Schottky barrier near the source electrode is increased by NO + 2 ions, as explained in figures 4(b) and (c), and the one near the drain electrode is not changed. This results in drain-to-source direction of the Schottky diode [30] . We observed current flow at a positive drain bias, i.e. in the forward bias condition. In contrast, the current was severely restricted in the negative drain bias, i.e. in the reverse bias ( figure 6(a)) .
Similarly, when a negative drain bias was applied with a simultaneous positive gate bias, NO + 2 ions were accumulated near the drain electrode ( figure 6(d) ). In this situation, the Schottky barrier height near the drain electrode increased. As a consequence, the current was severely suppressed at a positive drain bias, resulting in source-to-drain direction of the Schottky diode, as opposed to the previous case ( figure 6(c) ). The Schottky diodes were realized in both cases and furthermore the direction of the Schottky diode was controlled with the assistance of the drain bias.
In the case of high CNT concentrations, the conduction of CNT-TFT is likely to be dominated by the abundance of metallic channels. Significant gate bias dependence of the source-drain current was not observed in the pristine sample ( figure 8(a) ). In this case, in spite of severe dissociation of the abundant metal/semiconductor or metal/metal channels, some metal channels still remained in the device even after treatment. Once again, the dissociation is evidenced by the significant reduction of the current ( figure 8(b) ). However, high asymmetry in the current was still preserved when the drain voltage was applied ( figure 8(c) ). A related intriguing observation is that the gate modulation disappeared and the on-current level was increased significantly in spite of disintegration of metallic channels. This is ascribed to the formation of highly degenerate semiconducting channels that behave as metallic channels.
Stability of Schottky diodes
After three droplets of ions (NO + 2 ), the diode current of the diode was almost saturated (figure 9(a)). This sample was then heated at 70
• C in ambient condition for 12 h. The asymmetry in the current was still retained, indicating good stability of the Schottky diode ( figure 9(b) ). It is • C in ambient conditions. (c) I -V characteristics after 2 months in ambient conditions. obvious that the ionic adsorbates in contact with metal and SWCNTs did not alter significantly during the heat treatment. On the other hand, the current level was slightly reduced and the threshold voltage was shifted to the negative direction, indicating that some of the adsorbates on the SWCNT surface in the channel region were thus desorbed during heat treatment. This sample was then left in ambient conditions for 2 months. The I -V characteristics were measured again ( figure 9(c) ) and the asymmetry in the current was still preserved. However, both forward and reverse currents were enhanced due to the reduction of the Schottky barrier height. This indicates that with long-time exposure of the device in ambient conditions, some of the ionic adsorbates located at the contact between the metal electrode and SWCNT might be desorbed. The threshold voltages were also once again shifted to the negative direction, providing evidence of desorption of NO + 2 ions from the CNT surface. Nevertheless, most of the adsorbates still remained on the device. As a consequence, the asymmetry was still retained and the recovered current and threshold voltage were still different from those of the pristine device. In contrast to other types of chemical dopants that showed relatively short-term stability [31] - [33] , the stability in the present work is sustainable during device fabrication before a protective layer can be deposited.
Conclusions
The advantages of the bias-induced doping with ionic adsorbates on CNT-TFT lie mainly in the controlling capability of the dissociation of metallic channels, dopant type, and dopant positioning. We expect that further engineering of the gate/drain bias and concentration of ionic solution will deliver the best device performance. Other ionic adsorbates can be chosen such that the adsorption of anions and cations can maximize the doping effect of n and p types in the CNT-TFT, and can provide even better stability. In general, the interaction strength of anions is weaker than that of cations, and thus the stability of anionic adsorption is worse than that of cationic adsorption. This can be improved by controlling gate bias to enhance stronger adsorption. Nevertheless, sustainable long-term stability was observed even with the NHFA solution employed. Furthermore, the devices can be capped with a protection layer after finishing integration. It is possible that the droplet size of the ionic solution could be controlled by an ink-jet printing method and further confined easily within a patterned hole using the lithography method to control the solution concentration. The on-current and mobility of the device can also be improved by a precise control of doping level. These, among other process improvements, open the possibility of generating high-performance electronic devices in bio/nanotechnology in future.
